The hypothesis that sperm competition should favour increases in sperm size, because it results in faster swimming speeds, has received support from studies on many taxa, but remains contentious for mammals. We suggest that this may be because mammalian lineages respond differently to sexual selection, owing to major differences in body size, which are associated with differences in mass-specific metabolic rate. Recent evidence suggests that cellular metabolic rate also scales with body size, so that small mammals have cells that process energy and resources from the environment at a faster rate. We develop the 'metabolic rate constraint hypothesis' which proposes that low mass-specific metabolic rate among large mammals may limit their ability to respond to sexual selection by increasing sperm size, while this constraint does not exist among small mammals. Here we show that among rodents, which have high mass-specific metabolic rates, sperm size increases under sperm competition, reaching the longest sperm sizes found in eutherian mammals. By contrast, mammalian lineages with large body sizes have small sperm, and while metabolic rate (corrected for body size) influences sperm size, sperm competition levels do not. When all eutherian mammals are analysed jointly, our results suggest that as mass-specific metabolic rate increases, so does maximum sperm size. In addition, species with low mass-specific metabolic rates produce uniformly small sperm, while species with high mass-specific metabolic rates produce a wide range of sperm sizes. These findings support the hypothesis that mass-specific metabolic rates determine the budget available for sperm production: at high levels, sperm size increases in response to sexual selection, while low levels constrain the ability to respond to sexual selection by increasing sperm size. Thus, adaptive and costly traits, such as sperm size, may only evolve under sexual selection when metabolic rate does not constrain cellular budgets.
INTRODUCTION
Spermatozoa are under strong selective pressures because male reproductive success ultimately relies on their fertilization ability. When females are promiscuous, sperm from rival males compete to fertilize the ova, a process known as sperm competition, which leads to increased sperm numbers [1] . Most theoretical models assume that a constant amount of resources is available to produce an ejaculate, and that the size of gametes is directly proportional to the resources invested in each [2, 3] . Thus, ejaculate expenditure is assumed to be the product of the number of sperm and the size of each male gamete, which are expected to trade-off against each other so that the total budget remains invariant. Such models conclude that, under most scenarios, sperm competition should favour an increase in sperm numbers at the expense of a reduction in size [2, 3] .
An alternative hypothesis proposes that both sperm numbers and size should increase under sperm competition, because an increase in size results in faster swimming speed, which maximizes the chances of winning the race to fertilize the ova [4, 5] . Support from empirical studies has grown over the years, with most studies reporting a positive relationship between sperm competition, sperm size and swimming velocity [5] [6] [7] [8] , although a few negative relationships between sperm size and sperm competition levels have also been found [9] . The debate remains contentious in mammals owing to major inconsistencies between studies [4,10 -13] (reviewed in [5] ). It is possible that these conflicting results reflect differences between mammalian lineages in the budget available for sperm production and, therefore, in their ability to respond to sexual selection by increasing sperm size.
Mammals are unique in that they show a huge range of variation in body size, with some species achieving the largest sizes of any living animal on Earth. Thus, any size-dependent constraints are likely to be particularly pronounced among mammals. Smaller mammals such as rodents have higher mass-specific metabolic rates and are able to produce more biomass per unit of body mass [14] , allowing them to follow a 'live fast and die young' strategy [15, 16] , and to have faster evolutionary rates [17 -20] . Recent evidence has revealed unforeseen links between whole-organism size and cellular metabolic rate [21] . The underlying reason is that the properties of cells cannot remain invariant as body size increases, because of the associated scaling of whole-organism metabolic rate, meaning that either cellular metabolic rate or cell size must vary with body size. Different cell types follow different strategies in response to changes in body size depending on their structure and function. In particular, fast-dividing cells follow a strategy in which cellular metabolic rate is body-size dependent [21] . Thus, among small mammals, these cell types have higher cellular metabolic rates and are therefore capable of processing energy and resources at a faster rate than large mammals. This is likely to be the case of spermatogenic cells.
Here we propose and test the 'metabolic rate constraint hypothesis' (figure 1) which states that body-sizedependent differences between mammalian lineages in mass-specific and cellular metabolic rates will determine the budget available for spermatogenic cells to respond to sperm competition by increasing sperm size. Among small mammals, high mass-specific metabolic rates will be associated with high cellular budgets, allowing spermatogenic cells to respond to increased levels of sperm competition by increasing sperm size. By contrast, large mammals with low mass-specific metabolic rates will have less metabolically efficient spermatogenic cells, which could explain the observation made some time ago that large mammals do not produce long sperm [22] . Under limited budgets, spermatogenic cells will not be able to increase sperm size as sexual selection intensifies.
MATERIAL AND METHODS
Data on body mass (g), testes mass (g) and total sperm length (mm) were obtained from the literature for 215 species of eutherian mammals (see electronic supplementary material, table S1). We were able to obtain data on the length (mm) of sperm components (head, midpiece, principal piece and total flagellum) for 190 of these species (see electronic supplementary material, table S1). Data on basal metabolic rate (mlO 2 h
21
) were obtained for a subset of 77 species (see electronic supplementary material, table S1). We tested the influence of sperm competition on sperm dimensions using multiple regression analyses with total sperm length, as well as the length of different sperm components, as dependent variables, and both log 10 -transformed testes mass and body mass as predictors. We also tested the association between sperm size and mass-specific metabolic rate, modifying the previous model to include basal metabolic rate as an additional predictor.
To test the effect of mass-specific metabolic rate as a constraint on the maximum size that sperm can achieve, and therefore on the degree of variability between species of similar mass-specific metabolic rate, we classified our dataset into six consecutive categories of mass-specific metabolic rates (mlO 2 h 21 g 21 ), each of which had an equal range. We then performed linear regression analyses using, for each category of mass-specific metabolic rate, the mean mass-specific metabolic rate of the corresponding category as an independent variable. The dependent variables were the maximum value of sperm length for each category, as well as the range between minimum and maximum sperm length values. The same analyses were carried out for the length of each sperm component.
To control for phylogenetic effects in the dataset we used a generalized least-squares (GLS) approach in a phylogenetic framework. This method estimates a phylogenetic scaling parameter lambda (l), which represents the transformation that makes the data fit the Brownian motion evolutionary model. Owing to the unavailability of a complete phylogeny for all species analysed, a phylogenetic reconstruction was used (see electronic supplementary material, figure S1 ). All statistical analyses were conducted with R v. 2.8.1 (R Foundation for Statistical Computing 2009).
RESULTS
(a) Differences between mammalian lineages in body size, mass-specific metabolic rate, sperm size and levels of sperm competition We first compared different mammalian lineages in terms of body size, mass-specific metabolic rate, relative testes mass-a reliable index of sperm competition levels [23] and sperm dimensions. We analysed four orders for which data were available for a sufficient number of species (see electronic supplementary material, Figure 1 . The metabolic rate constraint hypothesis. Metabolic rate scales nonlinearly with body mass, so small mammals (such as rodents) have high mass-specific metabolic rates. Body size also influences cellular metabolic rate. Mammals with small body size have high mass-specific metabolic rates and presumably more metabolically efficient germ cells. As sexual selection intensifies, resources are turned into sperm rapidly enough to increase sperm size. By contrast, large mammals are metabolically less efficient. As a consequence, sperm size does not increase when sexual selection intensifies.
primates had intermediate to high values (figure 2a and electronic supplementary material, table S2). Associated with these differences in body size there were opposite patterns between lineages in mass-specific metabolic rate: high in rodents, with a large degree of variation, and low in artiodactyls, carnivores and primates (figure 2b). Relative testes mass was higher among rodents, which also showed the greatest range, intermediate in primates and low in artiodactyls and carnivores (figure 2c and electronic supplementary material, table S2). Thus, some rodent species had relative testes mass that was two to three times the maximum values found in artiodactyls and carnivores, respectively. The most dramatic differences between rodents and other taxa were in terms of sperm size. The comparative analyses revealed that rodents had the largest range of sperm sizes, with both the minimum and maximum sperm sizes found in our study sample. In addition, the longest sperm size among rodents was around three times the maximum size for the other three orders. By contrast, Artiodactyla, Carnivora and Primates had short sperm and little variation between species (figure 2d and electronic supplementary material, table S2).
(b) Relationship between sperm size and sperm competition in different mammalian lineages Next we analysed whether sperm competition influences sperm dimensions in all mammalian orders. Using phylogenetically controlled (see electronic supplementary material, figure S1 ) multiple regression analyses, we found that testes mass after correcting for body mass (thereafter, relative testes mass) was related to sperm size in rodents but not in the other orders (table 1) . When each order was compared with the average values for mammals (figure 3), we found that among Artiodactyla and Carnivora, the average relative testes mass was lower than for the whole sample of mammals, and the same was true for total sperm length (figure 3a,b). Among Primates, the average relative testes mass was similar to that of the whole mammalian sample, but the average sperm length was lower (figure 3c). Finally, rodents had larger average relative testes mass and total sperm length than the whole sample of mammals (figure 3d). More importantly, at intermediate values of relative testes mass, artiodactyls, carnivores and primates show no associated increases in sperm size, while among rodents, sperm size already increases at these levels of sperm competition and continues to do so as they increase even further. These findings show that, among rodents, increased levels of sperm competition are associated with increases in sperm size, while this is not the case among the other mammalian lineages. Furthermore, when the different sperm components (i.e. head, midpiece, principal piece and flagellum length) are analysed separately, levels of sperm competition are associated with increases in all sperm components in rodents, but not in the other mammalian lineages (see electronic supplementary material, table S3).
(c) Testing the metabolic rate constraint hypothesis According to the metabolic rate constraint hypothesis, the differences between rodents and the other mammalian lineages may have to do with their most striking feature: 
their small body size. We suggest that rodents are able to respond to sexual selection because their higher massspecific metabolic rates allow them to invest enough resources to produce longer sperm, while other mammalian taxa are constrained by the low mass-specific metabolic rates associated with large body size. To test our hypothesis, we analysed jointly the effects of body mass, metabolic rate and testes mass upon sperm size on a sample of mammals for which data on all traits was available. Since artiodactyls, carnivores and primates showed no major differences in any of the traits examined, we analysed these orders together as 'non-rodents' to increase sample size. As predicted, among rodents relative testes mass had a positive effect upon sperm size, while body size and metabolic rate did not have any effects (table 2) . By contrast, among non-rodents, after controlling for body size, metabolic rate had a negative effect upon sperm size while testes size did not have a significant effect (table 2). We conclude that among non-rodents, species metabolic rate (corrected for body size) constrains their ability to process enough resources to produce long sperm as sperm competition increases.
Since rodents and non-rodents differ in many lifehistory traits, and this single comparison does not allow us to disentangle the effects of higher levels of sperm competition and higher mass-specific metabolic rates among rodents, we classified the whole dataset of eutherian mammals in groups of species according to their massspecific metabolic rates. This allowed us to increase our sample size from two (rodents versus non-rodents) to six categories of mass-specific metabolic rates. The metabolic rate constraint hypothesis predicts that species with low levels of mass-specific metabolic rates will be under a major constraint and will produce uniformly small sperm. By contrast, species with high levels of mass-specific metabolic rates will not suffer any constraints, so there will be a much larger degree of variation: species with low levels of sperm competition will produce small sperm, while those with high levels of sperm competition will produce large sperm. A simple distribution of data for all species considered clearly shows that as mass-specific metabolic rate increases, there is an increase in the range of sperm sizes produced (see electronic supplementary material, figure S2 ). Further analyses support these predictions since there is a very strong positive relationship between levels of mass-specific metabolic rate and maximum sperm length (figure 4a; GLS: p ¼ 0.0075, R 2 ¼ 0.83). Furthermore, as mass-specific metabolic rate increases, so does the range of sperm sizes (figure 4b; GLS: p ¼ 0.0113, R 2 ¼ 0.79). Interestingly, the effect of mass-specific metabolic rate upon both the maximum size and the range of sizes is strong for all sperm components (see electronic supplementary material, figures S3 -S4 and table S4). The six categories of mass-specific metabolic rates do not merely re-classify our sample size into several categories of rodents and several non-rodents since all of the categories contain a mixture of lineages, except for the category that corresponds to the lowest values of mass-specific metabolic rate, which does not contain rodents, and the category that corresponds to the highest values of mass-specific metabolic rate, which only contains rodents (see electronic supplementary material, figure S5 ). When the category that contains only rodents is removed from the analyses, the relationships between mass-specific metabolic rate upon maximum sperm size (GLS: p ¼ 0.0108, R 2 ¼ 0.89) and the range of sperm sizes (GLS: p ¼ 0.0366, R 2 ¼ 0.75) remain significant. However, when all rodents are excluded from the analyses, the relationships are no longer significant, probably because the proportional representation of rodents in each category increases as mass-specific metabolic rate increases.
DISCUSSION
Our findings show that while rodents respond to increasing levels of sperm competition by increasing sperm size, this is not the case among mammalian lineages with larger body sizes. As a result, some rodents have the longest sperm sizes found among eutherian mammals, while large mammals tend to have small sperm. In addition, among rodents all sperm components (head, midpiece, principal piece and flagellum) increase in length as levels of sperm competition increase, suggesting that all of them contribute jointly to enhance sperm competitive ability. By contrast, artiodactyls, carnivores and primates show no association between sperm length and levels of sperm competition, nor do they respond by increasing the dimensions of any particular sperm component. As a result, these lineages produce sperm that are smaller in size and show less variation between species. These findings suggest that contradictory results between previous studies on mammals may simply reflect a different representation of mammalian lineages in the study sample. Thus, comparative studies will be more likely to find an effect of sperm competition on sperm size if they include a large proportion of rodents than if they do not.
Our analyses suggest that such major differences in the way mammalian lineages respond to sexual selection are due to major differences in mass-specific metabolic rates between small (rodents) and large mammals. Thus, among large mammals (with low mass-specific metabolic rates), sperm size is influenced by metabolic rate (corrected for body mass) but not by levels of sperm competition. By contrast, as a result of the high massspecific metabolic rates that rodents have, sperm size is Table 2 . Sperm length in relation to body mass, metabolic rate and testes mass. Phylogenetically controlled multiple regressions. The superscripts following the l value indicate significance levels (n.s. ¼ p . 0.05; *p , 0.05) in a likelihood ratio test against models with l ¼ 0 (first position) and l ¼ 1 (second position Metabolic rate constrains sperm size M. Gomendio et al. 3139
not constrained by metabolic rate (corrected for body size) and increases as sperm competition levels intensify. When we analyse all eutherian mammals jointly, we are able to show that as mass-specific metabolic rate increases so does the maximum size that sperm achieve. Furthermore, species with low mass-specific metabolic rates produce small sperm of similar size, while species with high mass-specific metabolic rates show major differences in sperm size, presumably because they have the capacity of increasing sperm size in response to more intense sexual selection, but sperm remain small among species with no sperm competition. When all rodents are excluded from the analyses, the relationships between mass-specific metabolic rate and maximum sperm size, as well as the range of sperm sizes, are no longer significant, suggesting that the relationship is largely driven by rodents, which tend to have higher mass-specific metabolic rates than other mammalian lineages. These findings suggest that mass-specific metabolic rate acts as a constraint on sperm size, which implies that sperm size is a costly trait.
The available evidence suggests that sperm size and numbers are costly in terms of both resources and time. The high energetic costs associated with sperm production [24, 25] result in limited sperm supplies, leading to substantial declines in the number of sperm per ejaculate in successive copulations [26, 27] . In natural populations, limited sperm availability constrains male reproductive success [28, 29] . The level of resources required for sperm production are such that they are traded-off against body growth [30] , immunity [31, 32] , lifespan [33] , the size of other metabolically expensive organs such as the brain [34] and the size of sexual characters [35] . Increases in sperm size are costly too in terms of resources and also result in evolutionary trade-offs [36] [37] [38] . In addition, producing longer sperm takes more time, so that spermatogenesis takes longer in species with longer sperm [39] . Given that sperm competition selects both for increased sperm numbers and size, spermatogenic cells are under the conflicting demands of producing more sperm per unit time (shorter spermatogenic cycle) and longer sperm (longer spermatogenic cycle). Thus, species with high levels of sperm competition tend to have shorter spermatogenic cycles, but this relationship is only apparent after controlling for a positive relationship between the duration of spermatogenesis and sperm length [39] .
The key issue is whether spermatogenic cells have the capacity to process resources efficiently enough to increase simultaneously the size of each sperm cell and the rate at which they produce sperm per unit time. There is some preliminary evidence suggesting that mass-specific metabolic rate constrains the rate of spermatogenesis, since species with low mass-specific metabolic rates take longer to produce sperm [40] . Our findings suggest that massspecific metabolic rate, through its presumed effects on the metabolic rate of spermatogenic cells, leads to major differences between mammalian species in their ability to process resources efficiently enough to respond to sexual selection by increasing both sperm size and numbers (figure 1). Our empirical results therefore challenge one of the fundamental assumptions of theoretical models: that the budget available for sperm production is constant [2, 3] . Among small body-sized mammals with high massspecific metabolic rates, germ cells will have the capacity to process the resources available fast enough to produce more and longer sperm when these traits are advantageous under sperm competition. This could explain why, among eutherian mammals, rodents produce not only the longest, but also the most morphologically complex sperm [41] . By contrast, low cellular metabolic rates among large mammals limit the turnover of resources into sperm and these species are unable to respond to increased levels of sperm competition by increasing sperm size. Because some mammalian species have large body sizes compared with other taxa, it is possible that the effect of metabolic rate acting as a constraint on the rate at which resources can be turned into sperm production is particularly pronounced in this group. We conclude that differences in mass-specific metabolic rates, associated with body mass, may explain why lineages differ in the ability to respond to selective forces at the cellular level.
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